The amount of inorganic carbon is one of the main limiting environmental factors for photosynthetic organisms such as cyanobacteria. Using Synechococcus elongatus PCC 7942, we characterized metabolic and transcriptomic changes in cells that had been shifted from high to low CO 2 levels. Metabolic phenotyping indicated an activation of glycolysis, the oxidative pentose phosphate cycle, and glycolate metabolism at lowered CO 2 levels. The metabolic changes coincided with a general reprogramming of gene expression, which included not only increased transcription of inorganic carbon transporter genes but also genes for enzymes involved in glycolytic and photorespiratory metabolism. In contrast, the mRNA content for genes from nitrogen assimilatory pathways decreased. These observations indicated that cyanobacteria control the homeostasis of the carbon-nitrogen ratio. Therefore, results obtained from the wild type were compared with the MP2 mutant of Synechococcus 7942, which is defective for the carbon-nitrogen ratio-regulating PII protein. Metabolites and genes linked to nitrogen assimilation were differentially regulated, whereas the changes in metabolite concentrations and gene expression for processes related to central carbon metabolism were mostly similar in mutant and wild-type cells after shifts to low-CO 2 conditions. The PII signaling appears to down-regulate the nitrogen metabolism at lowered CO 2 , whereas the specific shortage of inorganic carbon is recognized by different mechanisms.
Inorganic carbon (C i ) is converted into organic carbon (C) by photoautotrophic organisms utilizing light energy. Cyanobacteria represent a globally important group of such organisms. The cyanobacteria were the first oxygenic phototrophs that started to generate the oxygen-rich atmosphere on this planet. Moreover, their endosymbiotic engulfment by eukaryotic cells gave rise to algae and plants, the dominating photoautrophic organisms today (Knoll, 2008) . However, cyanobacteria remain responsible for a high percentage of the annual primary production of organic biomass and represent a major sink for the greenhouse gas CO 2 in open oceans (Campbell et al., 1997) .
In aquatic ecosystems, the amount of C i is fluctuating and often not present in high enough quantities to satisfy the high demand of the main carboxylating enzyme, Rubisco. Therefore, cyanobacteria and many eukaryotic algae have evolved a carbon-concentrating mechanism (CCM) to increase the cellular C i content. The cyanobacterial CCM employs several uptake systems for the C i forms bicarbonate, which dominates in the alkaline oceans, and CO 2 , leading to an accumulation of bicarbonate inside the cell. Bicarbonate enters a special compartment, the carboxysome, where Rubisco is closely associated with the enzyme carbonic anhydrase, which converts bicarbonate into CO 2 . The action of carbonic anhydrase results in high C i inside the carboxysome, causing the saturation of Rubisco (Badger et al., 2006; Cot et al., 2008; Kaplan et al., 2008) .
The CCM is tightly regulated. A set of high-affinity transport systems is induced when cells are shifted from experimentally elevated high CO 2 (HC) to low ambient CO 2 (LC) conditions. The increase of CCM activity during LC acclimation is mainly controlled by transcriptional regulation but seems also to involve posttranscriptional regulation of enzyme activity. Signaling is rather poorly understood. At least three transcriptional factors, CmpR, NdhR, and AbrB-like proteins, were found to be involved in the up-regulation of functionally defined gene groups (e.g. C i transporters, NDH1 complexes, and photosynthetic complexes; Omata et al., 2001; Wang et al., 2004; Lieman-Hurwitz et al., 2009) . Moreover, the affinity of the transcription factor CmpR for the cmp promoter was stimulated by the binding of 2-phosphoglycolate (2PG; Nishimura et al., 2008) , the first metabolite of the photorespiratory 2PG metabolism (Eisenhut et al., 2008b) . Possibly, 2PG (Marcus et al., 1983) and/or other photorespiratory intermediates could serve as metabolic signal(s) for C ilimiting conditions (Kaplan et al., 2008) .
Changes in C i concentration affect N metabolism as well, because the cell depends on a balanced C-N ratio. The regulation of N acclimation is known in detail for some model strains of unicellular, nondiazotrophic cyanobacteria. In those cases, the transcriptional factor NtcA activates ammonia-repressed genes (Flores et al., 2005) . The PII protein-based metabolic sensor system senses the cellular N levels and energy status by binding 2-oxoglutarate and ATP (Forchhammer, 2004 (Forchhammer, , 2008 . The two regulatory proteins, NtcA and PII, are functionally linked via the adaptor protein PipX, which mediates the signal transfer of the cellular C-N status to gene expression and adjusts the cellular metabolism to limiting N resources (Osanai and Tanaka, 2007; Llácer et al., 2010) .
Initially, the CCM and its regulation as well as aspects of the N metabolism and its control were intensively studied using the model strain Synechococcus elongatus PCC 7942 (hereafter referred to as Synechococcus 7942; Kaplan and Reinhold, 1999) . In recent years, another strain, Synechocystis sp. PCC 6803 (hereafter referred to as Synechocystis 6803), was the most commonly studied strain because its genome sequence had been published in 1996 (Kaneko et al., 1996) . Based on this genome sequence, DNA microarrays were generated, allowing the characterization of global transcriptional changes, including studies of HC/LC shifts or acclimation to different light conditions (Hihara et al., 2001; Wang et al., 2004; Eisenhut et al., 2007) . Later, the genome sequences and respective "omics" tools of Synechococcus 7942, as well as those of the almost identical strain PCC 6301, became accessible (for Synechococcus 7942, see http:// www.ncbi.nlm.nih.gov/nuccore/NC_007604; for strain PCC 6301, see http:/ /genome.kazusa.or.jp/cyanobase/ PCC6301; Sugita et al., 2007; Nodop et al., 2008) . Compared with Synechocystis 6803, the strain Synechococcus 7942 offers advantages for the analysis of C i acclimation. Synechococcus 7942 is strictly photoautotrophic and cannot use organic C or N sources, whereas Synechocystis 6803 can also consume external Glc, making its overall metabolism more flexible but also more difficult to elucidate.
Here, we studied the HC/LC acclimation of Synechococcus 7942 using a combination of metabolomic and transcriptomic tools. Metabolic analyses of the primary metabolism using gas chromatography-mass spectrometry (GC-MS) were integrated with transcriptional phenotyping by whole-genome DNA microarrays. In addition to wild-type cells, we included the Synechococcus 7942 mutant MP2, which is defective in the PII proteincoding gene glnB (Forchhammer and Tandeau de Marsac, 1995) . The data display a global picture of LC acclimation and signaling in Synechococcus 7942. Our results show that the PII protein is involved in LC acclimation but seems to be mainly responsible for the proper regulation of genes related to N assimilation.
RESULTS AND DISCUSSION

Physiological Characterization
To analyze the acclimation of Synechococcus 7942 to low C i , HC-acclimated cells (grown for several days under 5% CO 2 ) of the wild type and the PII mutant MP2 were shifted to LC conditions (grown under 0.035% CO 2 by bubbling with ambient air), and samples were taken for metabolome and transcriptome characterization after 6 and 24 h. Growth conditions and sampling parameters were essentially the same as used before in our experiments with Synechocystis 6803 (Eisenhut et al., 2007 (Eisenhut et al., , 2008a to allow for comparison of the data sets. Under our culture conditions, wild-type cells grew better than the MP2 mutant (Fig. 1A) . Approximately 33% lower growth rates were calculated for the mutant MP2 than wild-type cells. Growth retardation of MP2 under CO 2 -enriched conditions was reported before (Forchhammer and Tandeau de Marsac, 1995) . Moreover, the pigmentation of the MP2 mutant differed from that of wild-type cells. At HC conditions, mutant cells appeared more green-yellowish than did wild-type cells. This pigment change is mainly due to a reduced Figure 1 . Growth and pigmentation of the Synechococcus 7942 wild type and the PII mutant. Growth rates (A) and pigmentation (B) of the Synechococcus 7942 wild type (black columns) and PII mutant (MP2; white columns) are shown for cells after long-term acclimation to HC (5% CO 2 ) conditions. Chla, Chlorophyll a; PC, phycocyanin; Car, carotenoids. Values shown are means and SD from four independent experiments.
Metabolic and Transcriptomic Analysis of Synechococcus 7942
Plant Physiol. Vol. 155, 2011 content of phycobiliproteins and a slight increase in carotenoids in the cells of the MP2 mutant (Fig. 1B) . Such a chlorotic phenotype is characteristic for cyanobacterial cells after N starvation (Sauer et al., 2001) . It has been reported before that the PII mutant showed a reduced phycocyanin content and a lower protein-glycogen ratio compared with wild-type cells (Forchhammer and Tandeau de Marsac, 1995) . Corresponding to a lower growth rate, the overall photosynthetic activity of HCacclimated cells from the mutant MP2 was lower then that of wild-type cells (data not shown). However, we detected no significant differences in C i affinity between cells of the Synechococcus 7942 wild type and the PII mutant. HC-acclimated cells are characterized by a half-saturating C i concentration (K 1/2 ) for bicarbonate of approximately 150 mM (wild-type K 1/2 = 141.0 6 31.6 mM, mutant MP2 K 1/2 = 166.8 6 30.8 mM). The acclimation to LC increased the affinity toward bicarbonate approximately 4-fold in both cultures (wildtype K 1/2 = 35.5 6 6.4 mM, mutant MP2 K 1/2 = 46.2 6 19.6 mM). Previous studies revealed similar C i affinities for HC cells (approximately 150 mM) that increased up to 10-fold during the first few hours after the shift from HC to LC conditions in Synechococcus 7942 (Woodger et al., 2003 (Woodger et al., , 2005 .
Changes in the Metabolome of Wild-Type Cells after Shifts from HC to LC Conditions
Using GC-MS, the metabolomes of wild-type and mutant MP2 cells were compared before and after shifts from HC to LC conditions. Among the several hundred metabolite signals detected, 85 metabolites could be identified and reproducibly quantified (Supplemental Table S1 ). This set of metabolites was evaluated to allow for a good survey of the central C and N metabolism of Synechococcus 7942. As expected, the shift to LC conditions resulted in an increased amount of 2PG, which reflects the stimulated oxygenase activity of Rubisco at the lowered CO 2 -O 2 ratio ( Fig. 2A) . The other intermediates of the photorespiratory 2PG metabolism did not differ significantly when cells were acclimated to either LC or HC.
Marked changes were also observed to metabolites of the Calvin-Benson cycle, the associated glycolytic pathway, and the oxidative pentose-phosphate cycle (OPP). The primary C fixation product of Rubisco, 3-phosphoglycerate (3PGA), increased approximately 2.5-fold in LC-treated cells (Fig. 2B) . A clear increase was also observed for 2-phosphoglycerate (2PGA) and phosphoenolpyruvate (PEP). These two intermediates are likely synthesized from 3PGA via glycolytic reactions (Fig. 3) , which might indicate an increased diversion of newly fixed organic C toward glycolysis. An increased flux of C from the Calvin-Benson cycle into the glycolytic pathway was recently shown with HC/ LC-shifted cells of Synechocystis 6803 using 13 C-labeling experiments (Huege et al., 2011) . For LC-shifted cells of Synechococcus 7942, this possibility is supported by the finding that the transcript levels of many genes for glycolytic enzymes (see below) increased in parallel to the higher steady-state values of glycolytic intermediates. Moreover, the increased amount of 6-phosphogluconate in LC-shifted cells also indicates an increase of the OPP cycle, whereas other sugar phosphates, such as Glc-6-P and Fru-6-P (Fig. 2B) , as well as Suc (Supplemental Table S1 ), remained almost unchanged. In contrast, in an experimental setup similar to the one chosen in our investigations, metabolite concentrations of the Calvin-Benson cycle did not change significantly in the plant Arabidopsis Clear changes occurred in the levels of selected intermediates of the tricarboxylic acid (TCA) cycle. It is widely believed that the cyanobacterial TCA cycle is incomplete (Fig. 3) because of the missing 2-oxoglutarate (2OG) dehydrogenase complex and serves mainly to produce C skeletons for the linked amino acid biosynthesis (Luque and Forchhammer, 2008) . Malate and fumarate pools dropped to 50% or less after the shift from HC to LC (Fig. 2C) . Interestingly, the pool size of the end product of this branch of the incomplete TCA cycle, succinate, showed a clear increase after a shift to LC for 24 h. Similarly, but to a higher extent, the end product of the other branch of the incomplete TCA cycle, 2OG, also accumulated under LC conditions, whereas the precursors citrate and aconitate did not show significant changes. 2OG is probably mostly used as a C skeleton for subsequent N assimilation via the glutamine synthetase/glutamate synthase (GS/GOGAT) cycle (Fig. 3) , leading to Glu, which is subsequently used as an amino donator or building block for other biosyntheses such as amino acids, chlorophylls, or heme/bilin. The amount of Gln, the primary N assimilation product in Synechococcus 7942, was reduced 3-fold at 24 h after the shift from HC to LC, but the level of Glu did not change (Figs. 2C and 4) . The amount of Asp decreased significantly (Fig.  4) . Since Asp is made from oxaloacetate, the decreased use of oxaloactetae for Asp synthesis is in agreement with its increased diversion into the succinate pool. Another possible explanation for the coordinated increase of 2OG and succinate is to assume the existence of a modified rather than open TCA cycle. Experimental work on Synechocystis 6803 (Cooley et al., 2000) and a metabolic network model for this cyanobacterial strain (Knoop et al., 2010) suggest that a shunt exists that closes the TCA cycle, which starts from 2OG, goes over Glu, 4-aminobutanoate, succinate-semialdehyde, and goes back to succinate. Regardless of whether the TCA cycle is open or somehow closed, the newly fixed organic C is accumulated throughout the path from 3PGA via 2PGA to PEP and subsequently into intermediates of the TCA cycle. A possible interpretation, which is also supported by transcriptomic evidence (see below), could be a Figure 3 . Central C and N metabolism in Synechococcus 7942. Significant alterations in the metabolic and transcriptomic pattern of wild-type cells after transfer from high CO 2 (5%) to low CO 2 (0.035%) are indicated. An increase in the pool size of a metabolite after shift to LC conditions is indicated by showing the compound in red, whereas a decreased metabolite is displayed in blue. Changes in the expression of genes of the corresponding enzymatic steps are indicated with symbols (+, increased transcription; 2, decreased transcription) at the corresponding arrows. transiently inhibited or delayed N assimilation compared with C utilization through glycolysis and TCA reactions upon a shift from HC to LC. LC-treated cells may enhance the efficiency of C assimilation more rapidly than the efficiency of N assimilation or reutilization of inorganic N set free by LC-triggered photorespiration. Similar observations were made in Arabidopsis. In the leaves of this plant, the high energydemanding N assimilation was also reduced under limiting CO 2 conditions (Arrivault et al., 2009) . Generally, the changes in metabolite profiles observed in HC/LC-shifted cells of Synechococcus 7942 resembled the previously reported metabolic changes in Synechocystis 6803 (Eisenhut et al., 2008a) . In both strains, LC-shifted cells are characterized by higher levels of 2PG that accumulated also in LC-treated Anabaena cells (Marcus et al., 1983) . We also found higher relative amounts of 6-phosphogluconate, 3PGA, 2PGA, PEP, and a remarkable increase in 2OG. 2OG was previously believed to be low in LC-shifted cells because these growth conditions increase the N-C ratio. This ratio was considered to be sensed by the PII protein via sensing the ATP and the 2OG pool sizes (Forchhammer, 2004) . Under our culture conditions, 24 h after the shift to LC, the C i fixation is decreased but the energy-consuming N assimilation is decreased even more drastically. These metabolic alterations are also clearly reflected in the transcriptional changes of the corresponding biosynthetic genes (see below). In contrast, a switch from high to low N, which should induce a shift from low to high C-N ratio conditions, is accompanied by an immediate decrease in the 2OG level and activation of the N assimilatory processes. These observations gave rise to the hypothesis that high 2OG levels are used as an indicator for N limitation (Muro-Pastor et al., 2001 . In conclusion, the unexpected increase of the 2OG pool after shifts from high to low CO 2 , which is accompanied by a relative increase in the N-C ratio, found here in Synechococcus 7942 and previously in Synechocystis 6803 (Eisenhut et al., 2008a) , is in contrast to previous reports of the major role of 2OG as an indicator for N limitation (Muro-Pastor et al., 2005; Forchhammer, 2008) . Whereas the metabolites of the 2OG branch of the incomplete TCA cycle responded consistently in Synechococcus 7942 and Synechocystis 6803, major differences were observed in the C4 branch of the TCA cycle: namely, succinate increased whereas malate and fumarate decreased in Synechococcus 7942 when shifted from HC to LC (Fig. 2) , whereas malate and fumarate increased and succinate decreased in cells of Synechocystis 6803 (Eisenhut et al., 2008a) under similar experimental conditions.
Correlation of Metabolic with Transcriptomic Changes in Wild-Type Cells
The changes at the metabolite level reflect the complex changes of enzyme activities constituting primary metabolism. The transcriptomic part of the underlying regulatory mechanisms can be globally monitored. Fortunately, in bacteria, the majority of such regulatory changes are established via transcriptional control; however, as a note of caution, there are also indications that posttranscriptional regulation occurs (Völker and Hecker, 2005) . Corresponding to the increased demand for photorespiratory 2PG detoxification, an increased transcript level of genes for putative 2PG phosphatases (orf0217 and orf2613) was detected. The majority of the other genes coding for enzymes in the plant-like photorespiratory 2PG cycle (Kern et al., 2011) remained unchanged. Only transcripts for two subunits of the Gly cleavage system were found to be increased, and those for the Ser hydroxymethyltransferase gene were decreased (Table I) . As shown before in Synechocystis 6803 (Eisenhut et al., 2008b) , the Synechococcus 7942 genome also codes for enzymes that may constitute the plant-like (Kern et al., 2011) and alternative routes of 2PG metabolism (Table I ). In addition to the increased expression of the starting enzyme, 2PG phosphatase, the genes constituting the alternative route of complete decarboxylation of glyoxylate showed higher transcript levels in Synechococcus 7942 wild-type cells after transfer to LC conditions, whereas the expression of genes of the bacterial-like glycerate pathway remained unchanged (Table I; Fig. 3 ). These responses were found previously in Synechocystis 6803 under identical conditions (Eisenhut et al., 2007) . Based on this data set, the initial dephosphorylation of 2PG seems to be a crucial, possibly rate-liming step after a shift to LC, whereas the subsequent glycolate metabolism with the three branches appears to be mostly constitutively expressed and coordinated toward efficient detoxification and avoidance of significant accumulation of photorespiratory intermediates. The only exception is the complete decarboxylation route, which seems to represent an optional, LC-induced detoxification module in both Synechococcus 7942 and Synechocystis 6803. A shift to LC conditions probably decreases the Calvin-Benson cycle activity in Synechococcus 7942, which is reflected in decreased CO 2 assimilation (Mayo et al., 1989) and coincident accumulation of 3PGA. In addition to limited CO 2 availability for the Calvin-Benson cycle, 3PGA accumulation can also be explained by the observed 2PG accumulation, which is known to directly inhibit Calvin-Benson cycle enzymes, such as phosphofructokinase (Kelly and Latzko, 1977) and triosephosphate isomerase (Husic et al., 1987; Norman and Colman, 1991) . Moreover, the expression of genes for enzymes of the reductive phase of the Calvin-Benson cycle, phosphoglycerate kinase, and one of the glyceraldehyde 3-phosphate dehydrogenase isoforms (orf1742), as well as for trisosephosphate isomerase, showed decreased mRNA levels in wild-type cells after the LC shift (Table I ). This concerted response reflects the acclimation process toward diminished growth under reduced CO 2 availability. The accumulated 3PGA is obviously diverted into glycolysis and the OPP cycle rather than being used for storage as glycogen under HC. In parallel to 3PGA, the increases in 2PGA and PEP levels after the shift from HC to LC is correlated to the increased transcript level of related genes: namely orf0485 and orf2078, which encode phosphoglycerate mutases for the conversion of 3PGA into 2PGA. Furthermore, the transcript levels of the pyruvate kinase-encoding gene orf0098 and the gene orf2384, which encodes a component of the pyruvate dehydrogenase, are also approximately 3.5-fold increased after the long-term LC shift. However, the gene for PEP carboxylase (ppc; orf2252) did not change expression under LC conditions (Table I) , as reported previously (Woodger et al., 2003) . It may further be hypothesized that the glyceraldehyde-3-phosphate dehydrogenase isoform encoded by orf1939 is implicated in the glycolytic pathway rather than in the Calvin-Benson cycle. The expression changes observed for this gene are correlated to the detected changes in metabolite contents or mRNA levels of other genes specific to the glycolytic pathway, which are accumulated in wild-type cells shifted to LC (Table I) .
The redirection of organic C from glycogen storage under HC conditions to increased utilization by N assimilation and/or respiration is also reflected by the increased amounts of TCA cycle intermediates. The glycolysis and TCA cycle are connected via the conversion of pyruvate to acetyl-CoA, a reaction that generates CO 2 . CO 2 is also released in the TCA cycle step that converts isocitrate into 2OG (Fig. 3) . Interestingly, the amount of mRNA of the gene for malic enzyme, which may regenerate pyruvate from excess malate in the incomplete TCA cycle, is also increased in wild-type cells 24 h after the LC shift. The probable increased activity of malic enzyme could also explain the rather low level of malate compared with succinate and the higher amount of pyruvate under LC conditions.
Corresponding to the increased levels of TCA cycle intermediates, the genes for some enzymes of this cycle also showed an increased mRNA level (Table I) , such as orf0612 (citrate synthase) and orf0641 (succinate dehydrogenase flavoprotein subunit), but these changes appear to be insufficient to explain the accumulation of succinate and 2OG reported above. However, genes coding Gln synthetase, the essential enzyme involved in consuming 2OG in the GS/GO-GAT cycle, are also repressed when cells are shifted to LC (Table I ). In addition to the lowered transcript level, the Gln synthetase activity also seems to be decreased, as the mRNA levels of genes for the Gln synthetase inhibitory proteins (García-Domínguez et al., 1999) , GifA (orf0900) and GifB (orf2529), are also clearly enhanced 6 h after the transfer from HC into LC conditions (Table II) . Obviously, the coordinated regulation of gene expression and enzyme activities are in agreement with the concurrently decreased Gln and increased 2OG levels (Fig. 2) .
Interestingly, although all other enzymes of the incomplete TCA cycle known from cyanobacteria are annotated (CyanoBase; http://genome.kazusa.or.jp/ cyanobase/SYNPCC7942), the genome of Synechococcus 7942 apparently lacks a gene for a specific malate dehydrogenase. This feature could explain the different responses of Synechococcus 7942 compared with Synechocystis 6803 in this branch of the TCA cycle after shifts from HC to LC conditions. However, it can be assumed that another, unspecific dehydrogenase could be able to convert malate into oxaloacetate.
In contrast to the closely linked changes of the metabolite and transcript levels involved in the glycolysis and TCA cycle, the increase in 6-phosphogluconate is not accompanied by an increased/decreased expression of enzymes of the OPP cycle in cells shifted for 6 h to LC conditions.
Comparison of the Metabolome of the Wild Type and PII Mutant after Shifts from HC to LC Conditions
Cells of the wild type and the PII mutant of Synechococcus 7942 were investigated under identical conditions in order to study the effect of a defective C-N sensor on LC acclimation. Generally, the metabolic patterns and most LC-induced changes were similar in wild-type and mutant cells with respect to the intermediates of the photorespiratory 2PG metabolism, Calvin-Benson cycle, and the glycolytic pathway (Supplemental Table S1 ). However, differences were observed when mutant cells were grown at HC conditions. The MP2 mutant seems to divert a higher amount of C into the Suc pool (Supplemental Table S1 ). This process appears to occur at the expense of the respective precursor pools, Glc-6-P and Fru-6-P, as well as 6-phosphogluconate from the sugar-catabolizing OPP pathway (Fig. 4A ). These findings correspond to the reported increase in the glycogen-protein ratio of this mutant (Forchhammer and Tandeau de Marsac, 1995) . Moreover, the amounts of the TCA cycle intermediates malate and fumarate and the major amino acids Glu, Gln, and Asp are clearly reduced in cells of the MP2 mutant under HC conditions (Fig. 4, B and C) . These changes indicate a reduced capability for N assimilation in the PII mutant, explaining the slight bleaching phenotype of the mutant cells (Fig. 1B) . Interestingly, the reduced levels of the mentioned TCA cycle intermediates and amino acids in the mutant MP2 at HC are almost identical to the lowered levels of these intermediates observed in wild-type cells when shifted to LC for 24 h (Fig. 4) . Obviously, the mutant MP2 is unable to correctly sense the prevailing C-N ratio (i.e. at the level of TCA cycle metabolites and those connected to it, the PII mutant seems to be locked into an N-limiting state, which also begins to appear during the first few hours after LC shifts in wild-type cells). While the TCA cycle intermediates are not further diminished in the LC-shifted cells of mutant MP2 compared with HC, the amounts of Glu, Asp, and Gln became further reduced under LC conditions. The decreased amino acid levels correspond to the increase in the 2OG precursor pool in LC-shifted cells of the mutant MP2, which clearly exceeds the increase observed before in LC-shifted wild-type cells (Fig. 4B) . Possibly, the regulatory role of the PII protein extends toward regulation of the incomplete TCA cycle for 2OG production, appropriate for the demands of the connected N assimilation and respective amino acid biosyntheses. In contrast, the central C metabolism (i.e. Calvin-Benson cycle, glycolysis, OPP cycle, and glycogen biosynthesis) should be controlled by other, noncharacterized regulators at different C i levels. The metabolites of these pathways changed similarly in LC-shifted wild-type cells as well as PII mutant cells. Whether instead of 2OG another metabolite specifically induced by LC conditions, such as 2PG (Marcus et al., 1983; Eisenhut et al., 2008a; Kaplan et al., 2008; Nishimura et al., 2008) , or another internal signal, such as the internal pool of C i , as suggested by Woodger et al. (2005) , serves as the signal to induce the LC-specific acclimation processes needs additional investigation. The differences in the metabolome between the wild type and the MP2 mutant can be expected to be, to a large extent, the result of changes in the transcription of genes for specific enzymes of the central C and N metabolism. For example, the mRNA levels of genes for the TCA cycle enzymes citrate synthase (orf0612) and fumarate hydratase (orf1007), as well as the malic enzyme (orf1297) and one subunit of the pyruvate dehydrogenase complex (orf0143), are 2-to 3-fold decreased, corresponding to the reduced level of TCA cycle intermediates in HC cells of the mutant MP2 (Table I ; Fig. 4) . Moreover, one of the N-assimilating Gln synthetases (orf2156) showed 4-fold lower transcript amounts in HC-grown cells of the mutant MP2 compared with the wild type. In contrast, genes for a few enzymes in the glycolysis and 2PG metabolism showed higher mRNA levels in mutant cells compared with the wild type (e.g. the orf2078 for one phosphoglycerate mutase is expressed approximately 9-fold higher). Interestingly, a 15-fold higher mRNA amount was found for orf2078 in wild-type cells 24 h after the LC shift, whereas in the mutant, it was only increased 2-fold. Obviously, the transcripts for this gene are already increased at HC conditions in MP2, as in the wild type when shifted into LC. Similarly, the mRNA for the T-protein subunit gene (orf2308) of the Gly decarboxylase increases in wild-type cells only after a LC shift but is found at higher levels in cells of the mutant MP2 at HC.
Despite the finding that the majority of transcriptional changes of genes for enzymes of the central C and N metabolism are similar in wild-type and mutant cells after the HC-to-LC shift (Table I) , the observed differences in gene expression and metabolite concentrations between wild-type and MP2 cells at HC conditions further confirm the inability of the PIIdefect mutant to correctly recognize the proper C-N ratio. In particular, genes and metabolites involved in N assimilation are at lower levels compared with the wild type. Possibly, the incorrect sensing of the C-N ratio may explain the suboptimal performance of mutant cells at HC conditions (Fig. 1A) .
General Changes in the Transcriptome of Synechococcus 7942 during LC Acclimation
Beyond the clear effects on primary metabolism discussed so far, the high impact of the HC-to-LC shift on the metabolism of Synechococcus 7942 is well displayed by the system-wide DNA microarray data (for the whole data set, see Supplemental Table S2 ). While metabolomic phenotyping has been restricted to a subset of the total metabolite spectrum detectable by GC-MS, the transcriptomic changes are representative of the whole genome. Approximately 40 genes showed higher (more than 3-fold) transcript levels, whereas the amount of mRNA for 100 genes is more than 3-fold decreased in wild-type cells 6 h after the shift to LC conditions (Fig. 5A) . Most of the genes whose expression increased code for proteins involved in C metabolism, photosynthesis, and electron transport, whereas the genes with decreased expression code for proteins involved in N assimilation and protein synthesis. About the same number of hypothetical and unknown proteins also showed changed expression (Fig. 5A) . A remarkably low number of genes for stress proteins are differentially regulated after the HC-to-LC shift in wild-type cells. The number of genes with increased transcript levels and the general functions of the gene products are almost identical in cells of the mutant MP2 when shifted for 6 h to LC conditions, as found in wild-type cells (Fig. 5B) . However, only a few genes showed more than 3-fold decreased mRNA levels in MP2 cells. Obviously, many of the genes characterized by lower transcript levels in LC-shifted wild-type cells are already expressed at a lower level in HC-grown MP2 cells (Fig. 5C) . Again, the PII sensor system appears to have a limited influence on C-specific gene expression alterations but functions specifically to reduce N assimilation under the chosen experimental conditions.
Genes coding for proteins involved in the active uptake of C i (bicarbonate and/or CO 2 ) as part of the CCM showed the highest increase in transcript levels 6 h after the LC shift, as was found previously by reverse transcription-PCR and northern-blot hybridization in Synechococcus species (Woodger et al., 2003 (Woodger et al., , 2007 and in Synechocystis 6803 (Wang et al., 2004; Eisenhut et al., 2007) . The strongest responses are found for the bicarbonate-specific ATP-binding cassette transporter BCT1 and the symporter SbtA (Table II) . As reported before (Shibata et al., 2001; Zhang et al., 2004; Battchikova and Aro, 2007) , the NDH1 complex is differentially composed of cells grown in HC (constitutive NDH1 complex with nonregulated subunits, e.g. NdhF4 and NdhD4), whereas an additional CO 2 -converting NDH1 complex is activated under LC (e.g. NdhD3; Table II), as was reported previously (Woodger et al., 2003) . However, these LC-induced transcript levels are clearly not controlled by the PII-based C-N sensor system, since the changes are similar in the wild type and the MP2 mutant (Table II) . As found previously in Synechocystis 6803 (Eisenhut et al., 2007) , genes for the carboxysomal proteins and Rubisco are not significantly increased 6 h after the LC shift, with the exception of carbonic anhydrase. However, ccmK, ccmM, and rbcL showed transient increases in mRNA levels when cells of Synechococcus 7942 were analyzed during the first 60 min after a shift to CO 2 -free air (Woodger et al., 2003) . In long-term (24 h) LC-acclimated cells, most of the genes for C i transport return to the control level, whereas the genes for the carboxysome showed decreased transcript levels despite the increased CCM activity and the increased number of this prokaryotic organelle in LC cells (McKay et al., 1993; Savage et al., 2010) . The decreased expression of carboxysome shell proteins reflects the lowered growth rate of the cells in LC conditions, which involves decreasing the rate of new synthesis of the carboxysomal proteins.
In addition to genes for proteins annotated with functions in the CCM (Table II) and defined enzymatic steps in the central C and N metabolism (Table I) , many additional genes were differentially regulated in wildtype cells in different C i conditions (Supplemental Table  S2 ). Among the most highly LC-induced genes, we found many that coded for hypothetical proteins and a few general stress proteins (e.g. hliA and hliC, flv3, psbAII, and psbAIII; Table II ). An increased transcript level of genes for PSII subunits, psbAII, psbAIII, and psbDII, was also shown by Woodger et al. (2003) in LCshifted cells of Synechococcus 7942. Many of these genes are known to be also induced by high light and LC in Synechocystis 6803 (Hihara et al., 2001; Wang et al., 2004; Eisenhut et al., 2007) or were found to be induced after iron starvation in Synechococcus 7942 (Nodop et al., 2008) . Interestingly, we did not find increased transcript levels for genes of PSI in LC-shifted Synechococcus 7942 cells. Some of the PSI genes showed slightly decreased mRNA amounts, as shown previously for the psaE gene encoding the stroma-exposed protein of PSI (Woodger et al., 2003) , whereas the PSI gene transcripts were coordinately increased in LC-treated cells of Synechocystis 6803 (Eisenhut et al., 2007) . The activation of PSI in LC-treated cells of Synechocystis 6803 was interpreted as increased cyclic electron transport activity necessary to energize the CO 2 conversion to bicarbonate at the alternative NDH1 complex (Eisenhut et al., 2007) . Synechococcus 7942 obviously follows a different strategy to connect the LC-stimulated NDH1 complex to photosynthetic or respiratory electron transport.
In addition to the approximately 40 genes with higher mRNA levels at 6 h after the LC shift (Fig. 5A) , there are approximately 100 genes that show a significantly reduced transcript amount (Supplemental Table S2 ). The genes characterized by decreased mRNA levels mainly belong to three groups. The highest depression (20-to 3-fold) was observed for approximately 40 genes that encode ribosomal proteins and other parts of the translational machinery, which reflects the rapid and continued necessity to save energy and to decrease the growth rate of LC-acclimated cells. A second group of strongly depressed genes encodes proteins involved in coordinating N assimilation to the availability of C. These Figure 5 . Scatterplots of differentially regulated transcripts (left panels) and distribution of the genes in different metabolic categories (3-fold increase or decrease in transcript levels; right panels). A and B, Data for the Synechococcus 7942 wild type (WT; A) or the PII mutant (MP2; B) in response to a shift for 6 h into LC (0.035% CO 2 ) compared with HC conditions (5% CO 2 ). C, Comparison of the mutant MP2 and the wild type after long-term acclimation to HC (5% CO 2 ). A value, Fluorescence intensity of a single gene; M value, relative expression change of a single gene under the mentioned conditions, calculated as log 2 value of the ratio of the A values.
effects are clearly visible for genes of the ammonium (orf0442) and nitrate transport systems (nrt operon, e.g. orf1239), nitrite reductase (orf1240), and Gln synthetase (orf2156). Finally, mRNAs of many genes for proteins of unknown function are also less abundant in LC-treated cells (Supplemental Table S2 ).
Transcriptomic Changes in Comparison of the Wild Type and the PII Mutant
Generally, more differences between the wild type and the MP2 mutant exist among the genes with decreased transcript levels, whereas the genes with increased transcript levels were almost identical in wild-type and PII mutant cells of Synechococcus 7942 after the HC-to-LC shift. Most of the CCM genes behaved identically (Table  II) . The few but perhaps highly important differences may enhance our understanding of the regulatory role of PII. For example, some of the genes characterized by higher mRNA levels in wild-type cells after the LC shift are found constitutively at higher transcript levels in cells of the PII mutant at HC conditions (e.g. orf0217 for 2PG phosphatase, orf2308 for T-protein of the Gly cleavage system, ofr1939 for one glyceraldehyde-3-phosphate dehydrogenase isoform, ofr2078 for one 3PGA mutase [ Table I ] and ndhF3 [ Table II] ). Additionally, many of the genes that code for N assimilatory proteins showed lowered transcript amounts in the PII mutant at HC, whereas wild-type cells decrease their expression only after the LC shift (Tables I  and III) . Apparently, the mutant has become less sensitive or nonresponsive to some of the signals that indicate HC.
As discussed above for the changes in metabolite amounts, part of the HC-to-LC acclimation response of Synechococcus 7942 is deregulated in cells of the PII mutant. The transcriptomes of wild-type and PII mutant cells grown at HC conditions are quite different: compared with the wild type, more than 60 genes showed higher transcript levels and approximately 80 genes showed lower transcript levels in cells of the PII mutant under steady-state growth at HC conditions (Fig. 5C ). As clearly revealed by the genes showing the most pronounced differences (i.e. more than 5-fold increased or decreased transcript levels), the MP2 mutant at HC seems to partly display a gene-expression status characteristic of the LC-acclimated wild type. It should be noted, however, that the CCM-related genes are similarly regulated in wild-type and MP2 mutant cells. Most of the genes that showed higher transcript levels in HC-grown cells of MP2, compared with the wild type, were previously found to be among the genes showing increased mRNA amounts in LC-shifted wildtype-cells (i.e. genes showing higher expression in the PII mutant at HC become induced in wild-type cells 6 or 24 h after the LC shift, whereas their LC stimulation is missing or much lower in cells of the PII mutant). In agreement with these data, genes with decreased transcript levels in cells of the PII mutant compared with the wild type at HC showed reduced mRNA levels in wild-type cells after LC shifts (Table III) . Among the genes with lower transcript levels, we found many examples of subunits of the phycobilisomes, which correlates with the diminished pigmentation of the PII mutant (Fig. 1B) and the known function of reduced phycobilisome production as a N-saving measure in N-starved cyanobacterial cells (Forchhammer and Tandeau de Marsac, 1995; Sauer et al., 2001) .
CONCLUSION
Changing amounts of C i have a great impact on the metabolism of Synechococcus 7942 (Fig. 3) . Metabolic phenotyping revealed a general change among intermediates of the central C as well as N metabolism, which results mainly from a redirection of organic C fixed by the Calvin-Benson cycle from storage (Suc and glycogen) toward C catabolism via glycolysis, OPP, and the incomplete TCA cycle. In parallel, photorespiratory 2PG metabolism is activated. However, during the first few hours after the shift from HC to LC, we also found clear indications that not only C but also new N assimilation is at least transiently repressed, possibly because it is the second largest energy-and C-demanding cellular process. Comparable changes have been found in leaves of the plant Arabidopsis after shifts to lower CO 2 concentrations, when C storage as well as N assimilation diminished (Arrivault et al., 2009) . At the metabolic level, the reduced N assimilation is best distinguished by the relative increase of the TCA cycle intermediates succinate and 2OG, whereas the primary N assimilation products Gln and Asp are diminished.
While the LC shift-induced changes in metabolites of the central C metabolism were also found in cells of the PII mutant, marked differences in the alterations of TCA cycle intermediates and amino acids were detected. Cells of the PII mutant under HC conditions already displayed features of LC-treated wild-type cells, which is not only reflected in reduced growth and pigmentation but also in significantly lowered Gln and Asp levels. The metabolic phenotyping provided further evidence that the PII signaling system is indeed involved in the acclimation to different C i conditions; however, it appears to be mostly involved in the regulation of processes linked to the energy-consuming N assimilation that was reduced after LC shifts. Our results indicate that the N assimilation is locked into the LC state in cells of the MP2 mutant of Synechococcus 7942 even after long-term growth at HC conditions.
Our interpretation of the metabolic changes was well supported by the measured alterations in the relative transcript levels of genes using a DNA microarray for the whole Synechococcus 7942 genome (Table I ; Fig. 3 ). The changed expression of genes for enzymes of the central C and N metabolism is part of the general redirection of gene expression during LC acclimation by Synechococcus 7942 (Fig. 3) . Genes for C i transporters were found to be highly activated in order to deal with the reduced CO 2 supply, whereas those for the structure of the carboxysome hardly changed. Again, the main difference between PII mutant and wild-type cells was found in the LC shift-induced expression changes for genes involved in N assimilation or use. The reduced mRNA levels of genes for N assimilation and the N-storing phycobilisome proteins were already detectable in cells of the PII mutant under HC conditions. Moreover, many other genes are differentially regulated between PII mutant and wild-type cells under HC conditions. Interestingly, the transcript levels of most of them increased in wild-type cells after the LC shift. The characterization of the transcriptome also revealed a global influence of the PII protein on these changes, but the specifically C i -related changes in gene expression (i.e. differentially regulated genes for CCM components) are much less affected than those for N assimilation- Only genes are displayed that show a more than 5-fold increase or decrease in transcript levels in cells of the PII mutant compared with the wild type (WT) at HC conditions. For comparison, the relative expression changes of these genes are also shown in cells of the wild type and the PII mutant after 6-and 24-h shift to LC conditions, respectively. Significantly increased or decreased transcript levels are shown in bold. related proteins or for unknown processes. These results support the view that the PII protein is an important cellular sensor of the N-C ratio. However, it seems to be primarily regulating the expression of genes for proteins specifically involved in the regulation of N assimilation, such as NtcA (Forchhammer, 2008; Llácer et al., 2010) . Interestingly, the decreased N assimilation in Synechococcus 7942, which is similar to that reported for Synechocystis 6803 (Wang et al., 2004; Eisenhut et al., 2007) , was found in cells accumulating 2OG, pointing to another metabolic sensor specific for changes in the C metabolism in LC-treated cells. Such a sensory mechanism may not only play a role in low-CO 2 acclimation among cyanobacteria but also in higher plants, which harbor a PII signaling system of comparable structure and function (e.g. in the regulation of Arg biosynthesis; Feria Bourrellier et al., 2009 ) in chloroplasts.
MATERIALS AND METHODS
Cyanobacterial Strains and Growth Conditions
Synechococcus sp. strain PCC 7942 was obtained from the Institute Pasteur, Collection Nationale de Cultures de Microorganismes, and served as the wild type. The Synechococcus 7942 mutant with a defective PII protein, MP2 or DglnB::Km, was constructed by Forchhammer and Tandeau de Marsac (1995) . For all experiments, axenic cultures of the cyanobacteria were grown photoautotrophically in batch cultures at an optical density at 750 nm (OD 750 ) of approximately 1.0 (equivalent to approximately 10 9 cells mL 21 ), as described in detail by Eisenhut et al. (2008a) . Cells were routinely cultivated by aeration with CO 2 -enriched air (5% CO 2 , defined as HC) at 29°C under continuous illumination of 100 mmol photons m 22 s 21 (warm white light; Osram L58 W32/3) in BG11 medium (Rippka et al., 1979) buffered with TES-(TES)-KOH (20 mM final concentration) at pH 8.0. C i limitation was set by transferring the conditions of exponentially growing cells to bubbling with ambient air (approximately 0.035% CO 2 , defined as LC) in BG11 medium buffered with TES-KOH at pH 7.0. Growth was monitored by measuring the OD 750 . Cultivation of the mutant was performed at 20 mg mL 21 kanamycin. Contamination by heterotrophic bacteria was checked by spreading 0.2 mL of culture on Luria-Bertani plates. All experiments were repeated using at least three independent cultivations.
Physiological Characterization
To characterize growth, cell suspensions of Synechococcus 7942 wild type and the MP2 mutant were harvested by centrifugation (4,000g at 20°C) and adjusted to an OD 750 of 0.6 with fresh medium. Subsequently, the strains were cultivated for 9 d with daily dilution to the initial OD 750 of 0.6. Growth and pigmentation were followed by absorption measurements every 24 h. The content of the photosynthetic pigments chlorophyll a, phycocyanin, and carotenoids was calculated from the absorption measurements as described by Sigalat and de Kouchkowski (1975) . The rate of CO 2 -dependent oxygen evolution as a function of C i concentration was determined using a Clark-type oxygen electrode (Hansatech) as described by Eisenhut et al. (2008b) . The photosynthetic rates were measured by adding defined amounts of C i to concentrated cell suspensions (chlorophyll a content of approximately 10 mg mL 21 , equal to an OD 750 of approximately 2.3) at a light intensity of 300 mmol photons m 22 s 21 .
Metabolomic Phenotyping
Sampling of cells was done as described in detail by Eisenhut et al. (2008a) . Briefly, 5 to 10 mL of cells was separated from the medium by filtration (0.45-mm nitrocellulose filters; Schleicher & Schuell) in the light without any subsequent washing. The cell pellets on the filters were immediately frozen in liquid N and stored at 280°C. Time until metabolic inactivation by freezing was approximately 20 s. Subsequently, metabolites were extracted from deepfrozen cells by 80% methanol containing a defined amount of the internal standards nonadeconoic acid methylester (0.17 mg mL 21 ) and ribitol (0.017 mg mL 21 ). In succession, chloroform and water were added to separate polar and lipophilic metabolites by phase separation. The phase containing the polar metabolites was dried by vacuum centrifugation. The extracted compounds were derivatized by methoxyamination and subsequent trimethylsilylation (Fiehn et al., 2000) . The mixtures were separated on a 6890-N gas chromatograph (Agilent), and mass spectrometric data were acquired through a Pegasus III time of flight mass spectrometer as described by Eisenhut et al. (2008a) . The GC-time of flight-MS chromatograms were processed by TagFinder software (Luedemann et al., 2008) . Compounds were identified by comparison with a reference library of mass spectra and retention indices from the collection of the Golm Metabolome database (Hummel et al., 2010) . The resulting data set of the identified metabolites may be found in Supplemental Table S1 . The analysis was done with three biological replicates with two technical replicates of each sample.
Transcriptomic Phenotyping
Sampling of cells was done as described in detail by Eisenhut et al. (2007) . Briefly, cells from a 10-mL suspension were harvested by centrifugation at 4,000g for 3 min at 4°C and were immediately frozen at -80°C. Total RNA was extracted by the High Pure RNA Isolation Kit (Roche Diagnostics). The same RNA samples were used for labeling in DNA microarray experiments and for reverse transcription-PCR. cDNA synthesis and labeling, microarray hybridization, and microarray data evaluation were done as described by Nodop et al. (2008) . Briefly, 10 mg of total RNA was used for cDNA synthesis. Cy3-and Cy5-N-hydroxysuccinimidyl ester dyes were introduced during the firststrand cDNA generation. Equal amounts of labeled cDNA were mixed and hybridized to a whole-genome Synechococcus 7942 microarray. The array is composed of 2,989 genes. For each gene, specific 70-mer oligonucleotide probes were printed in four replicates (Nodop et al., 2008) . Hybridization was performed in EasyHyb hybridization solutions (Roche) for 90 min at 45°C. After washing, the arrays were scanned by the LS Reloaded microarray scanner (Tecan Trading). Mean signal and mean background intensities were obtained for each spot using the ImaGene Software 6.0 (BioDiscovery). Normalization and t statistics were determined using the EMMA 2.2 microarray data-analysis software (Dondrup et al., 2003) . The fold change value was calculated as described by Nodop et al. (2008) . The resulting data set of the gene expression levels is shown in Supplemental Table S2 . Each experiment was performed with RNA from three biological replicates, two technical replicates, and one dye swap.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Table S1 . Complete list of the identified metabolites by GC-MS.
Supplemental Table S2 . Relative changes (fold change and SD) of transcript levels in cells of the Synechococcus species.
ACKNOWLEDGMENTS
The technical assistance of Klaudia Michl is greatly appreciated. 
